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Topochemistry-Driven Synthesis of Transition-Metal 
Selenides with Weakened Van Der Waals Force to Enable 
3D-Printed Na-Ion Hybrid Capacitors

Wei Zong, Hele Guo, Yue Ouyang, Lulu Mo, Chunyang Zhou, Guojie Chao, Johan Hofkens, 
Yang Xu, Wei Wang, Yue-E Miao, Guanjie He, Ivan P. Parkin, Feili Lai,* and Tianxi Liu*

Hybrid capacitors exhibit promise to bridge the gap between rechargeable 
high-energy density batteries and high-power density supercapacitors. This 
separation is due to sluggish ion/electron diffusion and inferior structural 
stability of battery-type materials. Here, a topochemistry-driven method for 
constructing expanded 2D rhenium selenide intercalated by nitrogen-doped 
carbon hybrid (E-ReSe2@INC) with a strong-coupled interface and weak van 
der Waals forces, is proposed. X-ray absorption spectroscopy analysis dynam-
ically tracks the transformation from ReO into ReC bonds. The bridging 
bonds act as electron transport channels to enable improved conductivity and 
accelerated reaction kinetics. The expanded interlayer-spacing of ReSe2 layer 
by INC facilitates ion diffusion and ensures structural stability. As expected, 
the E-ReSe2@INC achieves an improved rate capability (252.5 mAh g−1 at  
20 A g−1) and long-term cyclability (89.6% over 3500 cycles). Moreover, theo-
retical simulations reveal the favorable Na+ storage kinetics can be ascribed 
to its low bonding energy of −0.06 eV and diffusion barrier of 0.08 eV for 
sodium ions. Additionally, it is demonstrated that 3D printed sodium-ion 
hybrid capacitors deliver high energies/power densities of  
81.4 Wh kg−1/0.32 mWh cm−2 and 9992.1 W kg−1/38.76 mW cm−2, as well as 
applicability in a wide temperature range.
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chemical energy storage (EES) systems, 
such as alkali-ion batteries (AIBs),[1–5] 
and supercapacitors (SCs),[6–10] represent 
a promising field for advancing research 
as well as practical applications. Gener-
ally, rechargeable batteries and superca-
pacitors differ in electrochemical storage 
mechanisms, thus featuring nearly 
inverse energy and power density charac-
teristics. Nevertheless, nowadays, applica-
tions more and more require both high 
power and high energy simultaneously, 
which calls for the design of effective EES 
technologies for alleviating the trade-off 
between energy density and power density. 
Sodium-ion hybrid capacitors (SIHCs), by 
elaborately integrating the advantages of 
two types of storage systems (AIBs and 
SCs), have been demonstrated to have 
enormous possibilities for future energy 
storage devices that combine high energy 
density and high output power.[11–13] How-
ever, the pivotal hindrance in developing 
high-performance SIHCs is to surmount 
the kinetic imbalance between the slug-
gish Na+ reaction kinetics in battery-type 

anodes with the fast ion adsorption/desorption processes in 
capacitor-type cathodes.[14,15]

Among various alternative anodes for sodium-ion batteries, 
the conversion-type materials have the potential for realizing 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202110016.

1. Introduction

Triggered by urgent and various energy demands, ranging from 
portable electronic devices to stationary grid storages, electro-
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both high storage capacity and high energy density concur-
rently, owing to their multi-electron redox reaction compared 
to the poor sodium storage performance of insertion-type mate-
rials.[16,17] As an emerging member in the family of 2D transi-
tion metal selenides (TMSels), rhenium diselenide (ReSe2) 
possesses disordered stacking layers with weak van der Waals 
interaction, which makes it favorable for Na+ insertion/extrac-
tion and diffusion as a potential host candidate for sodium 
storage.[18–20] Unfortunately, the intrinsic low electronic con-
ductivity and restricted accessibility of active sites in ReSe2 bulk 
cause inferior electron transfer and sluggish ionic diffusion 
kinetics, respectively. Therefore, the development of appro-
priate TMSels-based hosts with fast electronic/ionic transfer 
kinetics may hold the key to optimize the electrochemical 
property for sodium-ion storage. It has been demonstrated that 
integrating TMSels materials with high-conductivity substrates, 
such as carbon nanofibers or graphene, is an effective strategy 
in relieving severe volume expansion, providing efficient ionic/
electronic channels, and thereby enhancing electrochemical 
storage activities.[21–23] Unfortunately, the traditional physical 
blending process of active material and substrates leads to 
stacking of the individual components with poor intimate  
connection, which severely limits the interfacial charge–transfer 
capacity, especially at high charge/discharge rates. Recently, a 
number of approaches have been introduced to regulate and 
improve the interfacial contact between the two different com-
ponents in a blend, such as 2D/2D assembled composites and 
strong bridging bonds.[24–26] Especially, the construction of 
strong bridging bonds at an atomic level is an effective way to 
enhance sodium storage performance due to the accelerated 
reaction kinetics with abundant as-created electron transport 
channels. However, it is still a great challenge to accurately con-
trol interface-bridging bonds in 2D TMSels. Furthermore, an 
in-depth understanding of the interaction mechanism associ-
ated with sodium storage performance is still lacking.

Apart from the great efforts in designing electrode materials, 
the employment of advanced manufacturing technologies also 
plays a vital role in improving energy storage performance. A 
prime example of such a manufacturing technique is extrusion-
based 3D printing, which exhibits a high degree of freedom 
in process flexibility and structural design and enables manu-
facturing versatile structures with desired mechanical proper-
ties and functionalities.[27–31] Moreover, owing to the unique 
interconnected networks with periodic macropores, 3D-printed 
electrodes exhibit adequate mass transfer channels and 
electrode–electrolyte contact interfaces. Although 3D printing 
methods have been preliminarily employed in energy storage 
devices, such as supercapacitors,[32,33] lithium-ion batteries,[34] 
and sodium-ion batteries,[35] it has been challenging to realize 
good compatibility among multi-component inks to maximize 
the power and energy densities for completely 3D-printed 
hybrid capacitors devices.

Herein, we present a topochemistry-driven synthesis strategy 
for synthesizing 2D rhenium selenide intercalated by nitrogen-
doped carbon (E-ReSe2@INC) through a molecular coordina-
tion-mediated approach. X-ray absorption spectroscopy analysis 
is used to dynamically track the coordination evolution from 
ReO bonds to ReC bonds at the heterointerface. The rational 
designed synthesis endows the hybrids with remarkable merits:  

i) the intimate atomic interaction via strong ReC bridging bonds 
at heterointerfaces between ReSe2 and INC ensures a control-
lable interfacial coupling effect which can act as charge transfer 
channels for accelerated reaction kinetics; ii) the expanded 
interlayer-spacing due to weak van der Waals forces allows for 
fast Na+ diffusion and provides abundant storage active sites;  
iii) a 0D–2D–3D configuration with interconnected porosity offers 
highly efficient mixed-transport pathways at three-phase bounda-
ries (ReSe2, INC, and electrolyte). The E-ReSe2@INC electrode 
achieves improved high-rate capability (252.5 mAh g−1 at 20 A g−1)  
and long-term cyclability (89.6% over 3500 cycles). Moreover, 
density functional theory (DFT) calculations reveal that the 
favorable Na+ storage kinetics can be assigned to a low bonding 
energy of −0.06 eV and a low diffusion barrier of 0.08 eV. Addi-
tionally, the as-fabricated 3D-printed SIHCs deliver not only 
a high energy/power density of 81.4  Wh kg−1/0.32 mWh cm−2  
and 9992.1 W kg−1/38.76 mW cm−2, but can also perform over a 
wide temperature range (−20 °C to 50 °C).

2. Results and Discussion

The schematic procedures for the topochemical synthesis of the 
expanded 2D rhenium selenide intercalated by nitrogen-doped 
carbon (E-ReSe2@INC) material are illustrated in Figure 1a. The 
coordination-directed gelation process is conducted during the 
hydrothermal process, when the perrhenate ions coordinate with 
polyvinyl pyrrolidone (PVP) to generate expanded ReSe2 layers 
mediated by PVP molecule chains, termed as E-ReSe2@PVP  
metal–polymer gel (E-ReSe2@PVP MPG). To evaluate the 
influence of the PVP, two additional samples with varying 
PVP amounts (E-ReSe2@PVP MPG-0.1 and E-ReSe2@PVP  
MPG-0.4) were prepared for subsequent comparison. All 
the E-ReSe2@PVP MPG samples displayed in inverted vials 
clearly illustrate the successful formation of gels (Figure S1, 
Supporting Information). Rheological measurements were 
studied to investigate the sol–gel transition behaviors of the as-
obtained E-ReSe2@PVP MPG samples. Strain-sweeping meas-
urements (Figure S2a, Supporting Information) show that the 
storage moduli (G') are higher than the loss moduli (G″) for 
all MPG samples in the linear range from 0.01% to 1%. Mean-
while, the linear response of G' and G″ can also be observed in 
the frequency range of 1–100  rad s−1 (Figure S2b, Supporting 
Information), implying that all MPG samples are elastic-like 
solids. Additionally, the transformation strain of MPG sample 
increases with PVP content, indicating an enhanced intermolec-
ular interaction of the gel network.[36–38] Therefore, the degree 
of coordination crosslinking network of the E-ReSe2@PVP  
MPG system firmly depends on the component ratio of metal 
to PVP. As verified by Fourier transform infrared (FT-IR) spec-
troscopy (Figure S3, Supporting Information), the peaks at 
≈1655 and 1290 cm−1 are assigned to the stretching vibrations of 
CO and CN bonds, respectively, demonstrating the interca-
lation of PVP in the framework of the as-synthesized ReSe2.[39]

Field-emission scanning electron microscopy (FESEM) 
images (Figures S4 and S5, Supporting Information) reveal that 
the E-ReSe2@PVP MPG exhibits a unique 3D interconnected 
network with simulating aerogel structures in the micron 
range.[40,41] Subsequently, the E-ReSe2@PVP MPG could be 
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changed into E-ReSe2@INC after a freeze-drying and annealing 
treatment, where the resulting ReSe2 layer further facilitates 
converting the polymer molecules into carbon by reverse catal-
ysis.[42] Notably, the 3D interconnected quasi-aerogel structure 
could be well retained in E-ReSe2@INC (Figure 1b) during the 
annealing process, which is mainly attributed to the robust 
coordination-bonding network among the E-ReSe2@PVP MPG. 
The bulk ReSe2 sample, in contrast, shows irregular mor-
phology with severe aggregations (Figure S6, Supporting Infor-
mation). The transmission electron microscopy (TEM) image 
further demonstrates that the multi-dimensional architecture 
of the E-ReSe2@INC composite is composed of abundant 
interconnected subunits with a narrow size distribution and 
good dispersity (Figure 1c). The energy-dispersive X-ray (EDX) 
spectrometry mappings from high-angle annular dark-field 
(HAADF) TEM images (Figure 1d) demonstrate that the C, N, 
Re, and Se elements are homogeneously distributed throughout 
the E-ReSe2@INC (Figure S7, Supporting Information).  

The high-resolution TEM (HR–TEM) image (Figure 1e) shows 
that the ReSe2 bulk tends to aggregate into stacked ReSe2 
layers with d-spacing of 0.64 nm, while the stacking of the 2D 
E-ReSe2 layers in E-ReSe2@INC is significantly expanded with 
an interlayer spacing of 0.82 nm (Figure 1f), offering incontest-
able evidence of the successful intercalation of carbon in the 
ReSe2 layers. Moreover, the X-ray diffraction (XRD) patterns 
(Figure 1g) show that the peak assigned to the (100) diffraction 
of ReSe2 shifts to a lower position, from 13.8° for ReSe2 bulk to 
10.6° for E-ReSe2@INC, further demonstrating the expansion 
of the interlayer spacing from 0.64 to 0.82 nm, which is in good 
agreement with the HRTEM observations.

X-ray photoelectron spectroscopy (XPS) measurements were 
conducted to probe the chemical composition and valence 
states of E-ReSe2@INC. XPS survey spectra reveal that both 
E-ReSe2@PVP MPG and E-ReSe2@INC consist of Re, Se, C, and 
N elements (Figures S8 and S9, Supporting Information). As 
depicted in Figure 2a, the Re 4f XPS spectrum of E-ReSe2@INC  

Figure 1. Structural characterization of E-ReSe2@INC. a) Schematic diagram of the topochemistry-driven synthesis of E-ReSe2@INC. b) FESEM image 
and c) TEM image of E-ReSe2@INC. d) EDX elemental mappings of E-ReSe2@INC. The scale-bar is 100 nm. HRTEM images of e) ReSe2 bulk and  
f) E-ReSe2@INC. g) XRD patterns of ReSe2 bulk and E-ReSe2@INC.
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shows two peaks at 41.8 and 44.2 eV, corresponding to the core 
4f7/2 and 4f5/2 peaks for Re4+, respectively, which are higher than 
those of ReSe2 bulk (Re 4f7/2: 41.3  eV and Re 4f5/2: 43.8  eV), 
indicating the lower electronic density of the Re center in 
E-ReSe2@INC.[43] Besides, two other obvious peaks at ≈45.4 
and ≈47.9 eV originate from the ReO bond in E-ReSe2@PVP 
MPG and E-ReSe2@PVP MPG-300 (E-ReSe2@PVP MPG under 
300 °C annealing treatment), which derive from the coordina-
tion in the metal–polymer gel networks. The contribution of 
the ReO bonds increases gradually from the E-ReSe2@PVP 
MPG-0.1 sample to the E-ReSe2@PVP MPG-0.4 sample, due 
to an increased content of ReO coordination (Figure S10, 
Supporting Information). This result is in accordance with 
the rheological behavior of increasing transformation strain, 
which confirms the enhanced intermolecular interaction of the 
MPG network once again. Noticeably, both E-ReSe2@INC and 
E-ReSe2@PVP MPG-300 show a new pair of peaks around 41.1 

and 43.6  eV, which are related to the ReC bond at the inter-
face of the ReSe2/INC heterostructure. It is interesting that the 
content of ReO bond gradually decreases, accompanied by  
the emergence of the ReC bond, indicating the presence of the 
transition process from ReO coordination to ReC coordination 
as the temperature increases.

To gain insight into the topological structure of E-ReSe2@INC,  
X-ray absorption spectroscopy (XAS) was conducted to further 
explore the structural evolution and local coordination environ-
ment during the annealing treatment. In the Re L3-edge X-ray 
absorption near-edge structure (XANES), the E-ReSe2@INC  
exhibits a slightly higher absorption edge position in com-
parison with ReSe2 bulk, which demonstrates the electron 
deficiency at Re atoms and solid interactions between het-
eronuclear Re atoms and the INC support (Figure  2b). As 
the k3-weighted Fourier transform (FT)-EXAFS spectra at Re  
L3-edge shown in Figure  2c, there is a main peak at ≈2.42 Å 

Figure 2. Ex situ characterization of coordination structure and DFT calculation. a) High-resolution XPS Re 4f spectra of ReSe2, E-ReSe2@PVP MPG, 
E-ReSe2@ PVP MPG-300, and E-ReSe2@INC. b) XANES spectra (inset: enlarged view of the absorption edge position) and c) FT-EXAFS spectra of Re 
foil, ReSe2, E-ReSe2@PVP MPG, E-ReSe2@ PVP MPG-300, and E-ReSe2@INC at Re L3-edges. d) WT-EXAFS at Re L3-edges of ReSe2, E-ReSe2@PVP 
MPG, E-ReSe2@PVP MPG-300, and E-ReSe2@INC. e) The Re L3-edges EXAFS fitting curves for E-ReSe2@INC at R-space. (The inset: the schematic 
models of E-ReSe2@INC. Atom colors: royal blue, Re; green, Se; dark gray, C. f) Calculated DOS for E-ReSe2@INC and ReSe2.
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for all samples, which can be attributed to the scattering path 
of the ReSe bond. Moreover, no apparent peaks at 2.82 Å for 
ReRe bonds are detected compared with Re foil, confirming 
the absence of Re nanoparticles in the E-ReSe2 component. As 
expected, in comparison to ReSe2 bulk, E-ReSe2@PVP MPG 
has two main peaks at 2.42 and 1.66 Å, which can be attributed 
to scattering paths of ReSe and ReO bonds, respectively. 
Moreover, the E-ReSe2@PVP MPG-300 and E-ReSe2@INC  
exhibit new peaks at ≈1.84 Å, which can be attributed to the 
scattering path of the ReC bond. The wavelet transform of c(k) 
(WT)-EXAFS is an intuitive way to demonstrate the properties 
of adjacent Re atoms (Figure 2d; Figure S11, Supporting Infor-
mation). The E-ReSe2@PVP MPG and E-ReSe2@PVP MPG-300  
show two distinct scattering path signals at [χ (k), χ (R)]  
of [8.1, 1.66] and [8.5, 2.42], which are associated with the ReO 
and ReSe paths, respectively. The intensity of the ReO path 
signals in E-ReSe2@PVP MPG-300 attenuates and one scat-
tering path signal appears at [8.8, 1.84], resulting from the 
ReC path. Moreover, E-ReSe2@INC only displays two scat-
tering path signals at [8.5, 2.42] and [8.8, 1.84] corresponding to 
the ReSe and ReC paths, respectively, which are consistent 
with the Re L3-edge FT-EXAFS results. Unambiguously, by com-
bining the FT- and WT-EXAFS results at the Re L3-edge, part 
of the Re atoms are confirmed to be connected with C atoms 
and generate ReC bonds in E-ReSe2@INC, which are derived 
from the transformation of ReO bonds in E-ReSe2@PVP 
MPG. To determine the coordination environment of different 
samples, we employed DFT calculations to deduce structural 
models, based on the FT-EXAFS experimental spectra and fit-
ting curves. The EXAFS fitting results show that the Re atom in 
E-ReSe2@INC has two coordinating interactions of the ReSe 
bond and the ReC bond. The EXAFS fitting curves at R-space 
(Figure 2e) and k-space are consistent with experiment spectra 
of E-ReSe2@INC (Figures S12 and S13, Supporting Informa-
tion).[44] Next, possible E-ReSe2@INC models were further 
constructed and optimized by DFT calculations based on the 
corresponding coordination configuration. For the E-ReSe2@
INC, the ReSe and ReC path lengths are ≈2.45 Å and 2.15 Å  
(Figure S14, Supporting Information), respectively, in good 
agreement with EXAFS fitting data (Table S1, Supporting Infor-
mation). In addition, according to the calculated density of 
states (DOS), the ReSe2 bulk shows characteristics of an indi-
rect bandgap semiconductor with wide bandgap (0.97 eV). The 
bandgap observably decreased to 0.31  eV for E-ReSe2@INC, a 
signature for more charge carriers and enhanced inherent con-
ductivity (Figure  2f). Therefore, a strong-coupled interface is 
constructed at the interface between the ReSe2 layer and INC 
support via ReC bridging bonds, which enables controllable 
interfacial effects and acts as an electron transport channel for 
accelerating the reaction kinetics. Moreover, the N and C con-
tents of all the above materials were quantitated by using ele-
mental analysis (Table S2, Supporting Information).

To evaluate the possible role of the strong-coupled interac-
tion in E-ReSe2@INC, the sodium storage properties of various 
samples (derived from E-ReSe2@PVP MPG with different com-
ponent ratio of metal/PVP) were investigated. Figure 3a shows 
the galvanostatic charge–discharge (GCD) profiles for various 
E-ReSe2@INC samples and the ReSe2 bulk sample as a refer-
ence, with a potential range of 0.01–3.0  V. The E-ReSe2@INC 

shows the elongated plateau length at 1.5 V and much smaller 
polarization compared to those of E-ReSe2@INC-0.1, E-ReSe2@
INC-0.4, and ReSe2 bulk, indicating its highly improved reac-
tion kinetics for the sodiation/desodiation process. As shown in 
Figure  3b, the E-ReSe2@INC delivers initial charge/discharge 
capacities of 349.3/431.5 mAh g−1 at 0.2 A g−1 with the highest 
initial coulombic efficiency (ICE) of 80.9% when compared 
to E-ReSe2@INC-0.1 (76.1%), E-ReSe2@INC-0.4 (71.8%), and 
ReSe2 bulk (69.6%). And, the comparison of rate capabilities 
for various E-ReSe2@INC samples and ReSe2 bulk is presented 
at variable current densities from 0.2 to 20 A g−1. Remarkably, 
the E-ReSe2@INC shows reversible capacities of 327.3, 323.8, 
321.4, 319.9, 294.4, and 272.7 mAh g−1 at various current densi-
ties from 0.2 to 10.0 A g−1. A considerable capacity retention of 
77.1% (reversible capacity of 252.5 mAh g−1) can still be main-
tained even at a high density of 20 A g−1. Furthermore, GCD 
curves of E-ReSe2@INC exhibit obvious charge/discharge 
plateau at all current densities from 0.2 to 20 A g−1, demon-
strating its superior reversibility of redox reactions compared 
to other samples (Figure  3c; Figure S15, Supporting Informa-
tion). Furthermore, the capacities of E-ReSe2@INC could be 
kept stable without any fading at successive fluctuating current 
densities of 10 and 0.5 A g−1 (Figure 3d), a manifestation of its 
fast reversible abilities. Generally, at the high-rate state, the 
electron/ion would be only deposited on the surface of active 
material without a sufficient reaction, finally giving rise to the 
steep lowering of voltage and severe polarization. The supe-
rior heterointerface in E-ReSe2@INC via ReC bonds enables 
its function as an electron-transferring bridge, as 0D–2D–3D 
multi-dimensional structure elements are united to provide 
mixed electron/ion pathway from the exterior into the interior 
along the whole electrode, and achieve fast kinetics during the 
sodiation/desodiation process. Figure  3e confirms the stable 
cycling life of E-ReSe2@INC at a current density of 10.0 A g−1, 
which can maintain a capacity of 272.8 mAh g−1 with a satisfac-
tory capacity retention of 89.6% after 3500 cycles. By detecting 
the plateaus from the 2990th to 3000th cycle, the similarity of 
the shapes of GCD profiles also proves its stable reversible reac-
tion in long-term cycling (inset in Figure 3e). Moreover, the rate 
capabilities of E-ReSe2@INC outperform those of previously 
reported materials for sodium storage (Figure S16 and Table S3, 
Supporting Information). Apart from a superior rate capability 
at ambient conditions, the wide-temperature range sodium-
storage performance of E-ReSe2@INC was evaluated from  
50 °C to −20 °C. The GCD profiles at 0.5 A g−1 exhibit consistent 
charge/discharge plateaus at all testing temperatures (Figure S17,  
Supporting Information). The E-ReSe2@INC indeed shows 
satisfactory storage capacity at various current densities and 
operating temperatures (Figure  3f). For instance, at a current 
density of 0.2 A g−1, the reversible capacity retention is ≈90.4%, 
86.2%, and 84.6% at 25, 0, and −20 °C, respectively, as com-
pared to the reversible capacity of 355.6 mAh g−1 at 50 °C. This 
proves the weak temperature dependence of the E-ReSe2@INC 
(Figures S18 and S19, Supporting Information).[45,46]

A reaction kinetic analysis based on cyclic voltammetry (CV) 
curves was performed to provide insight into the charge storage 
mechanisms. As demonstrated in Figure  3g, all CV curves of 
E-ReSe2@INC exhibit well-maintained shapes at increasing 
sweep rates (0.1 to 0.9  mV s−1), similar to ReSe2 bulk and 
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E-ReSe2@INC-0.1/0.4 (Figure S20, Supporting Information). As 
compared to the CV curves of E-ReSe2@INC and ReSe2 bulk 
at 0.9 mV s−1 (Figure 3h), taking the main oxidation/reduction 
peak (denoted as Peak 1/Peak 2) as an example, the reduced 
voltage difference (between Peak 1 and Peak 2) of E-ReSe2@INC 
indicates a low electrode polarization. Figure S21, Supporting 
Information, exhibits the linear relationship between Ip and v1/2, 
where the values of the slope are 2.82/−0.87 for E-ReSe2@INC  
and 0.53/−0.49 for ReSe2 bulk. From this, their diffusion 
coefficient (D) can be calculated. The D of Peak 1/Peak 2 is  
8.57 × 10−8/8.18 × 10−9 cm2 s−1 for E-ReSe2@INC and  
2.91 × 10−9/3.31 × 10−9 cm2 s−1 for ReSe2 bulk. Obviously, the larger 
D values of E-ReSe2@INC imply its faster sodium ion diffu-
sion. According to the relationship between the i and v obtained 
from the CV curves, the value of slope b can be calculated by 
the following equation: i  = a bv and log(i) = blog(v) + log(a),  
where a and b are variable parameters obtained by the linear 
relation between the log(i) and log(v). Generally, if b approaches 
0.5, that corresponds to a diffusion-dominated behavior, 
whereas when b is closes to 1.0, a pseudocapacitive behavior is 
the main charge storage process.[47,48] As shown in Figure 3i, the 
b-values of E-ReSe2@INC determined by the slopes of Peaks 1–4 
are 0.985, 0.994, 0.988, and 0.985, respectively, demonstrating 
the predominant occurrence of pseudocapacitive sodium 
storage. Moreover, the increased b-values of E-ReSe2@INC  
over those of the ReSe2 bulk (Figure S22, Supporting Infor-
mation), reveal the enhanced capacitive kinetics of the former 

material. This in turn proves that the presence of a 0D–2D–3D 
architecture and the Re–C bridging bonds can bring about 
an improvement in pseudocapacitive behaviors. More spe-
cifically, the total capacitive (k1v) and diffusion (k2v1/2) con-
tributions can be quantitatively determined by a given scan 
rate according to the equation: i/v1/2  = k1v1/2  + k2. The pseu-
docapacitive contributions are quantified as capacitive con-
tribution at 0.9  mV s−1, which is 93.5% for E-ReSe2@INC  
and 75.5% for ReSe2 bulk (Figure S23, Supporting Informa-
tion). With increasing scan rates, the fraction of capacitive 
contribution increases, while the fraction of diffusive control 
decreases. The E-ReSe2@INC presents a higher fraction of 
the capacitive contribution at different scan rates, pointing 
toward the origin of its outstanding rate capability (Figure 3j). 
To confirm the reaction processes and possible crystal evolu-
tions under different voltages during the sodiation/desodia-
tion processes, a series of in situ Raman, ex situ XRD, and 
HRTEM were carried out (Figure 3k; Figure S24, Supporting 
Information), from which the reaction mechanism at dif-
ferent GCD states can be described as follows:

x x xStageI insertion : ReSe Na e Na ReSe2 2( ) + + →+ −  (1)

x xx

StageII conversion :

Na ReSe 4 Na 4 e 2Na Se Re2 2

( )
( ) ( )+ − + − → ++ −  (2)

SStageIII desodiation :2Na Se Re Re e 4Na 4e2 2( ) + → + ++ −  (3)

Figure 3. Electrochemical characterization of E-ReSe2@INC. a) GCD profiles and b) rate capability of E-ReSe2@INC-0.1, E-ReSe2@INC, E-ReSe2@
INC-0.4, and ReSe2 bulk. Here, the solid and hollow points present discharge and charge processes, respectively. c) GCD curves of E-ReSe2@INC at 
different current densities. d) The reversibility of E-ReSe2@INC at current densities of 0.5 and 10 A g−1. e) The long-term cycling stability of E-ReSe2@
INC (Inset: GCD profiles from 2990th to 3000th loops). f) Capacity retention variations along with current density and temperature. g) CV curves at 
stepwise scan rates (0.1 to 0.9 mV s−1) of E-ReSe2@INC. h) The comparison between CV curves of E-ReSe2@INC and ReSe2 bulk at 0.9 mV s−1. i) The 
relation between log(i) and log(v) of E-ReSe2@INC. j) Normalized capacitance contribution proportions at different scan rates of E-ReSe2@INC and 
ReSe2 bulk. k) In situ Raman spectra of E-ReSe2@INC during the first discharge/charge process.
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The ion diffusion kinetics during electrochemical process 
was further studied by the galvanostatic intermittent titra-
tion technique (GITT) measurements. It can be viewed from 
Figure 4a that the E-ReSe2@INC possesses higher Na+ diffusion 
coefficients than the ReSe2 bulk (Figure S25, Supporting Infor-
mation), indicating its superior sodium ion diffusion kinetics. 
Meanwhile, we measured electrochemical impedance spec-
troscopy (EIS) for both E-ReSe2@INC and ReSe2 (Figure  4b), 
where the charge transfer resistance (Rct) in E-ReSe2@INC  
(62.1 ohms) is considerably lower than for ReSe2 bulk  
(178.4 ohms). In the low-frequency region, the steeper slope gra-
dient of E-ReSe2@INC implies its capacitive-like behavior and 
accelerated sodium ion diffusion. The results further underscore 
the improved charge and ion transfer efficiency of E-ReSe2@INC.  
DFT calculations were further conducted to address how the 
interfacial engineering affects the Na+ storage kinetics. After 
optimizing the structural models of ReSe2 and E-ReSe2@INC  
with Na+ insertion (Figure  4c,d), their bonding energy 

values are 2.25 and −0.06  eV for ReSe2 and E-ReSe2@INC,  
respectively, indicating that the strongly coupled interface 
between the ReSe2 layer and the INC results in the enhanced 
ion storage property for Na ions. Next, the charge density differ-
ence and corresponding 2D slices depict the electronic transfer 
states at the interface between ReSe2 and INC components in 
detail (Figure 4e–g). More specifically, the electrons of the neigh-
boring Re atoms are inclined to flow toward INC with higher 
electronegativity via the “bridge” formed by the Re–C bonds at 
the heterogeneous interface, resulting in positive charges on 
Re atoms and enhanced electron density on the INC support. 
This result reveals a so called “strong bridging-bonds-induced 
interface effect” that can accelerate electron transfer, leading to 
enhanced electrical conductivity compared to ReSe2, in accord-
ance with the EIS results (Figure  4b). Meanwhile, these theo-
retical results are in excellent agreement with the XPS and XAS 
results (Figure 2a,b) as partial electrons of Re centers have been 
delocalized from ReSe2 to INC. Due to the strong interface 

Figure 4. Electrochemical characterization of ion diffusion and DFT calculation. a) GITT potential profiles and corresponding ion diffusion coefficients 
for E-ReSe2@INC. b) Nyquist plots of E-ReSe2@INC and ReSe2 bulk (Inset: plots of ω−1/2 vs Z′). The atomic models with one bonded sodium ion in 
c) ReSe2 and d) E-ReSe2@INC, as well as corresponding bonding energy values. e) The charge density difference of E-ReSe2@INC (pink area: electron 
accumulation; purple area: electron depletion) and f) 2D contour map in (001) section of E-ReSe2@INC. g) The corresponding migration energy bar-
riers in E-ReSe2@INC and ReSe2 (inset: the minimum energy pathways for Na+ diffusion through the E-ReSe2@INC).
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effect and the resulting electron transfer between ReSe2 and 
INC, abundant active sites are formed in the close vicinity of 
ReSe2 for Na+ storage. The intercalated N-doped carbon layer 
further acts as the “pillar” component between the ReSe2 layers, 
which weakens the van der Waals forces and affords larger 
interlayer spacing opportunities for efficient diffusion of large 
ions without significant volume collapse. Notably, our calcula-
tions confirm that the energy barrier for Na+ migration into 
ReSe2 through the E-ReSe2@INC boundary with an expanded 
distance is 0.08  eV, which is considerably lower than that for 
Na+ migration across a more confined stacked ReSe2 edge 
(0.97  eV). The heterointerface connected via ReC bonds of 
E-ReSe2@INC is thus imperative to create open channels for  
Na+ entry into ReSe2 layer, leading to an improved DNa for high-
rate operation.

Given the discussions above, the E-ReSe2@INC nano-
architecture affording predominant pseudocapacitive Na+ 

storage is appropriate to construct SIHCs devices and 
meet the growing practical demand. As an emerging addi-
tive manufacturing method, extrusion-based 3D printing 
technology can be used to manufacture SIHCs devices 
with customized architectures (Figure  5a). To guarantee a 
favorable 3D printing process of electrodes targeting high-
performance SIHCs devices (3DP-SIHCs), the rheological 
behavior of the as-obtained E-ReSe2@INC/carbon nano-
tube (CNT)/graphene oxide (GO) ink and active carbon  
(AC)/CNT/GO ink was evaluated. As shown in Figure  5b, 
both the E-ReSe2@INC/CNT/GO and AC/CNT/GO inks dis-
play appropriate apparent viscosities and shear-thinning 
behaviors as non-Newtonian fluids, allowing for continuous 
flow of printable inks under extrusion processing. The 
behavior for both E-ReSe2@INC/CNT/GO and AC/CNT/GO 
inks can be well explained by the Herschel–Bulkley model: 
τ = η(ξ) ξ = τγ + Κξn,

Figure 5. Fabrication of E-ReSe2@INC//AC 3DP-SIHCs. a) Schematic illustration for E-ReSe2@INC//AC 3DP-SIHCs device and corresponding charge 
process. b) The apparent viscosity as a function of shear rate. c) Storage modulus and loss modulus as a function of shear stress d) Dynamic modulus 
(G′ and G′′) as a function of frequency for E-ReSe2@INC/CNT/GO and AC/CNT/GO inks. e) CV curves at stepwise scan rates of E-ReSe2@INC//AC 
3DP-SIHCs. f) Ragone plots of the E-ReSe2@INC//AC 3DP-SIHCs in comparison with other reported energy storage devices. g) GCD curves tested at 
0.5 A g−1 of 3DP-SIHCs device at various temperatures.
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where τ, η, ξ, τγ, and n represent shear stress, apparent 
viscosity, shear rate, yield stress, and a power-law exponent, 
respectively.[49,50]

Figure 5c presents the G′ and G′′ plots of as-obtained ink as 
a function of shear stress: G′ > G″ before the yield stress point 
(the point of intersection of the G′ and G′′), as is typical for con-
ventional elastic-like solids, and G′  > G″ after the yield stress 
point, as is typical for liquid-like behavior in viscoelastic mate-
rials. These rheological properties ensure that the E-ReSe2@
INC/CNT/GO and AC/CNT/GO inks can be extruded smoothly 
under shear stress to achieve a stable flow of ink without 
blockage during the extrusion printing process. Furthermore, 
Figure 5d depicts that G′ is higher than G″ for the as-obtained 
inks throughout the frequency range of 0.01–100 rad s−1,  
proving their viscoelastic property with typical gel in the static 
state. As demonstrated by the frequency-independent modulus 
curves, a robust 3D network framework can be constructed 
within the as-obtained inks to stabilize long-term disper-
sion stability at rest.[51–54] Hence, the rheological behaviors of 
the E-ReSe2@INC/CNT/GO and AC/CNT/GO inks allow for 
printing 3DP-SIHCs devices without deformation. Figure S26, 
Supporting Information, shows the various digital photos of 
customized-printed patterns on the polyethylene terephthalate 
(PET) substrate, confirming shape diversity and wide versatility. 
Considering the operational voltage windows of the CV curves 
for the E-ReSe2@INC and AC electrodes (Figure S27, Sup-
porting Information), the E-ReSe2@INC//AC 3DP-SIHCs was 
operated under a suitable working voltage (0.01 to 4 V) to avoid 
the decomposition of the electrolytes and other side reactions. 
Under operation in 3DP-SIHCs devices, the electrochemical 
properties of E-ReSe2@INC were further demonstrated, exhib-
iting a superior specific capacitance of 36.9 F g−1 (118.8 mF cm−2) 
compared to conventional blade-casting electrodes (C-SIHC) of 
29.1 F g−1 (76.7 mF cm−2). The enhanced electrochemical perfor-
mance of the 3DP-SIHCs device can be ascribed to the porous 
electrode structure of the 3D printed E-ReSe2@INC//AC  
device that endows sufficient electrode–electrolyte interface con-
tact and accelerates mass transfer (Figure S28, Supporting Infor-
mation). Notably, E-ReS2@INC//AC 3DP-SIHCs harvest both 
high gravimetric energy and power densities of 81.4  Wh kg−1  
and 9992.1 W kg−1, underscoring the potential of the 3D 
printing technology (Figure S29, Supporting Information). The 
3D-printed SIHCs devices can bridge the gap in the field of the 
state of the art of batteries and supercapacitors, achieving high 
energy and power densities simultaneously by integrating the 
best properties of batteries and supercapacitors (Figure S29, 
Supporting Information). Figure  5e shows the CV curves of 
the E-ReS2@INC//AC 3DP-SIHCs device at various scan rates, 
which still maintains good shape even at a high scan rate of 
100  mV s−1. The E-ReS2@INC//AC 3DP-SIHCs realizes an 
areal energy/power density of 0.32 mWh cm−2/38.76 mW cm−2 
and volumetric energy density is 3.2 mWh cm−3, which is supe-
rior compared with most of the capacitor and battery systems 
fabricated by various printing technologies (Figure 5f; Table S4, 
Supporting Information).[35,55–60] In view of the excellent tem-
perature resistance characteristics of E-ReS2@INC in sodium-
ion storage, the 3D-printed E-ReS2@INC//AC SIHCs device 
also exhibits excellent performance over a wide temperature 
range (Figure 5g).

3. Conclusion

In summary, we propose a topochemistry-driven synthesis 
strategy for constructing expanded rhenium selenide interca-
lated by nitrogen-doped carbon hybrid (E-ReSe2@INC) with a 
strongly coupled interface and weak van der Waals forces via 
a polymer coordination-mediated approach. Subsequently, ex 
situ XPS and XAS analysis dynamically track the transforma-
tion of the coordination structure at the heterointerface from 
ReO into ReC bonds. The strong ReC bridging bonds 
at the heterointerfaces enable a controllable interfacial cou-
pling effect and charge transfer channels for improved con-
ductivity and accelerated reaction kinetics. The expanded 
interlayer-spacing of ReSe2 layer by INC provides weak van 
der Waals force, facilitates fast ion diffusion, and ensures 
high structural stability. As expected, the E-ReSe2@INC 
achieves improved rate capability (252.5 mAh g−1 at 20 A g−1) 
and long-term cyclability (89.6% over 3500 cycles). Moreover, 
theoretical simulations confirm the effect of strong bridging 
bonds-induced interface and weak van der Waals force of the 
ReSe2 layer on the improvement for Na+ bonding energy and 
ions/electrons diffusion kinetics. Additionally, the as-fabricated 
3D-printed sodium-ion hybrid capacitors deliver not only 
high energy/power density of 81.4  Wh kg−1/0.32 mWh cm−2  
and 9992.1 W kg−1/38.76 mW cm−2, but can be used in a wide 
temperature range (−20 °C to 50 °C). Therefore, this work 
offers design principles for building architectures, ranging 
from microcosmic to macroscopic length scales, for 2D tran-
sitional metal dichalcogenides-based electrodes toward hybrid 
capacitors.
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